␣1D Ϫ/Ϫ mice displayed normal sexual activity and reproduction and exhibited no obvious anatomical abnormalities. Homozygous pups were slightly underrepresented in litters from heterozygous parents (wild type: 35%; heterozygous: 50%; homozygous: 15%; n ϭ 180). However, no decrease in the number of pups was found in homozygous crossings. No differences in growth of ␣1D Ϫ/Ϫ mice were found.
␣1D Ϫ/Ϫ mice reacted differently to auditory stimuli than their wild-type littermates. The Preyer reflex, a motor reflex in response to an auditory stimulus (Bohmer, 1988) , could be elicited by hand claps in wild-type and heterozygous animals but was completely absent in all ␣1D Ϫ/Ϫ mice (n Ͼ 50). Measurement of click-evoked auditory brainstem responses (ABRs) confirmed normal hearing thresholds (Zheng et al., 1999) The detailed properties of voltage-gated Ca 2ϩ currents and peaked at Ϫ25 mV ( Figure 3C ). Ba 2ϩ currents were increased to 292% Ϯ 56% (n ϭ 7) of control I Ba by the have not been characterized in mammalian hair cells so far. In IHCs isolated from wild-type mice aged from DHP activator BAYK8644 (5 M) and decreased to 59% Ϯ 8% of control (n ϭ 4) by the DHP channel blocker postnatal day 3 (P3) to P9, depolarizations from a holding potential of Ϫ83 mV to different test potentials benimodipine (10 M), confirming that at least part of I Ba was carried by LTCCs ( Figures 3A, 3B, 3D , and 3E). Our tween Ϫ83 and ϩ53 mV elicited rapidly activating ( act ϭ 0.31 Ϯ 0.03 ms, n ϭ 7) and slowly inactivating inward data show that LTCCs in mammalian IHCs exhibit the same unusual gating kinetics (i.e., more negative activaBa 2ϩ currents (I Ba ) through Ca 2ϩ channels (11.1% Ϯ 4.8% of peak current inactivated after 300 ms, n ϭ 18) (Figures tion threshold, rapid activation, slow inactivation) as previously described for L-type Ca 2ϩ currents in frog (Hud-3A and 3F). Slow inactivation was also observed when Ca 2ϩ (10 mM) was the permeating ion (21.1% Ϯ 9.3% speth and Lewis, 1988) and chick hair cells (Fuchs et al., 1990; Zidanic and Fuchs, 1995) . after 300 ms, n ϭ 5). Maximal I Ba was elicited by depolarizations to Ϫ2.1 Ϯ 2.7 mV (n ϭ 20) (Figures 3A and 3B) I-V curves, current kinetics, modulation by DHPs (data not shown), and maximal I Ba densities were similar in with a half-maximal voltage of steady-state activation at Ϫ16.5 Ϯ 2.6 mV (n ϭ 20). L-type currents activated wild-type (46.8 Ϯ 12.6 pA/pF, n ϭ 20) and heterozygous animals (51.9 Ϯ 30.9 pA/pF, n ϭ 10). However, current at relatively low voltages. Activation thresholds were Ϫ50 to Ϫ40 mV with 10 mM Ba 2ϩ ( Figure 3B ) or 10 mM density was dramatically decreased in IHCs recorded from ␣1D Ϫ/Ϫ mice (Figure 3 illustrates that pronounced bradycardia and arrhythmia persisted even after this treatment. Similarly, if bradycar-5E). The R-R interval can therefore be used to quantitate heart rate (beats per minute ϭ 60,000 divided by R-R dia was only due to increased parasympathetic tone (as suggested by the atropine experiments), then the interval in milliseconds) as well as arrhythmia (R-R variability). In all homozygous but none of the wild-type difference should be diminished during strong parasympathetic activation in both wild-type and ␣1D Ϫ/Ϫ mice. littermates, pronounced bradycardia (evident as an increased mean R-R interval) and arrhythmia (evident as This was clearly not the case. Application of the ␣1-adrenergic agonist methoxamine induces bradycardia a high standard deviation of R-R intervals) was present at rest ( Figures 5A and 5B, I) . A prolongation of the P-R by causing vasoconstriction and elevation of blood pressure resulting in a reflex stimulation of vagal activity interval as a measure of atrioventricular (AV) conduction Ϫ/Ϫ mouse. Note that only every second P wave is followed by a QRS complex. (F) Bradycardic and arrhythmic heart beat in spontaneously beating isolated heart atria. Mean beat to beat intervals (as a measure of heart rate) and the corresponding standard deviation (as a measure of arrhythmia) were calculated from 10 s recordings 60-75 min after the equilibration period in ␣1D ϩ/ϩ , ␣1D ϩ/Ϫ , and ␣1D Ϫ/Ϫ mice.
and strong activation of muscarinic receptors controlAlthough our experiments do not rule out that altered autonomic control does also contribute to the heart rate ling heart rate (Wickman et al., 1998). After methoxamine treatment (6 mg/kg i.p.), the difference in heart rate perdisturbances to some extent in ␣1D Ϫ/Ϫ mice, ␣1D gene knockout clearly demonstrated a role of D-LTCCs for sisted as R-R intervals were increased both in ␣1D Ϫ/Ϫ and ␣1D ϩ/ϩ mice to similar extents (Figure 5, V) . Thus, sinoatrial node pacemaker activity. No evidence for other disturbances of action potential pharmacological block of autonomic control and methoxamine treatment are compatible with an intrinsic sinogeneration and propagation was found: QRS complex duration (␣1D ϩ/ϩ : 14.8 Ϯ 1.8 ms, n ϭ 6; ␣1D Ϫ/Ϫ : 15.7 Ϯ atrial node dysfunction.
To obtain direct functional evidence for sinoatrial 3.5 ms, n ϭ 8) was not significantly different in knockout animals, indicating that myocardial action potential node dysfunction in ␣1D Ϫ/Ϫ mice, heart rate was measured in completely denervated, spontaneously beating propagation was normal. Light microscopy revealed no anatomical abnormalities or changes in the myocardial isolated heart atria. Again, a much slower heart rate and/ or more pronounced arrhythmia was found under these architecture, myocyte shape and size, and sinoatrial node architecture (data not shown). Note that the abconditions for knockout mice as compared to heterozygous and wild-type animals ( Figure 5F ).
sence of structural abnormalities is in accordance with the finding that pacemaker activity indistinguishable Taken together these findings demonstrate that the absence of D-LTCCs in mouse atria results in disturbed from wild type can be reestablished in ␣1D Ϫ/Ϫ mice after atropine treatment. Differences in heart rate could not cardiac pacemaker activity in the absence of autonomic control or when parasympathetic tone predominates.
be explained by alterations in plasma catecholamine levels (plasma norepinephrine concentration: wild type, both ␣1C and ␣1D transcripts have been detected in 11.8 Ϯ 3.6 pg/ml; ␣1D Ϫ/Ϫ , 8.4 Ϯ 2.1 pg/ml, mean Ϯ SEM, mouse cochlea (Green et al., 1996), we found no evin ϭ 5). Auditory development as well as cardiac function dence for a second DHP-sensitive Ca 2ϩ current compocould be due to abnormal thyroid hormone activity (Fornent, excluding the presence of ␣1C-mediated currents rest et al., 1996; Johansson and Thoren, 1997). We found in ␣1D Ϫ/Ϫ mice. It is also interesting that the hearing loss no difference in hormone levels that could account for was not associated with gross disturbances in vestibular our phenotype (hormone plasma concentrations-free function and structure up to P35 (data not shown). This T3: ␣1D ϩ/ϩ , 1.43 Ϯ 0.17 pg/ml, ␣1D Ϫ/Ϫ , 1.13 Ϯ 0.18 g/ suggests that ␣1D plays a less prominent role in the ml; free T4: ␣1D ϩ/ϩ , 14.27 Ϯ 1.70 pg/ml, ␣1D Ϫ/Ϫ , 13.04 Ϯ formation of voltage-gated Ca 2ϩ channels found in mam-2.50 pg/ml, mean Ϯ SEM, n Ͼ 7). malian type I and II vestibular hair cells ( system that performed averaging synchronized to stimulus onset. allele from both clones was identified by the coat color and conThe stimulus intensity was increased in 10 dB steps from 10 dB firmed by Southern blot analysis. The positive F1 progeny was SPL up to 70 dB SPL in wild-type and heterozygous or 120 dB SPL crossed with C57Bl/6J mice, and their F2 heterozygous offspring in ␣1D Ϫ/Ϫ mice. The minimum stimulation intensity required to elicit were interbred to generate homozygous knockouts (␣1D Ϫ/Ϫ ) as well the typical ABR waveform was defined as hearing threshold. as heterozygous and wild-type littermates. ␣1D deficiency was further confirmed in immunoblot experiments. Brain microsomes (30 Telemetric ECG Recordings g) were separated on 5% or 7% polyacryamide SDS-PAGE gels
The telemetry system consisted of implantable transmitters (TA under reducing conditions, transferred to PVDF membranes, and 10ETA-F20) measuring biopotentials and physical activity, the teprobed with affinity-purified polyclonal anti-␣1D 2121-2137 antibody (0.5 lemetry receivers (RA1010), and a consolidation matrix (BCM100) g/ml) as described (Pichler et 
